Optical asymmetry with regard to transmission has been numerically explored in one-dimensional (1D) plasmonic crystal slabs (PlCSs) with the help of a genetic algorithm (GA). Optically deep asymmetric PlCSs are not obtained in one-layer systems and can be achieved in unit cell structures composed of more than two layers. The optical asymmetry is classified into two types. One is ascribed to anisotropic diffraction efficiency, and the other comes from collective oscillations of particle plasmons in each metallic nanorod and can induce nearly perfect absorption over a broad band. In both asymmetry types, the degree of freedom in depth is crucial to manipulate the linear optical responses of PlCSs. On the basis of the GA search, a simple design for optically asymmetric 1D PlCS is extracted, which provides a standard for broadband plasmonic absorbers in both photon energy and incident angles.
INTRODUCTION
Attempts to tailor linear optical responses in artificial structures have quite a long history, stemming from the study of diffraction gratings [1] , and have been inherited by the quest for extraordinary or negative refraction in photonic crystals [2] [3] [4] and metamaterials [5, 6] . In some cases, the optical designs obtained are based on the understanding of optical properties in artificial structures. For example, an efficient design for manipulating the polarization of light in subwavelength dimensions was invented [7] from physical properties such as effective refractive index [8] . In most cases, it is difficult to achieve relevant designs by handmade structural modification. Indeed, automatic searches by computational methods have often been tried and have led to optimized designs [9] [10] [11] [12] [13] [14] [15] . One flexible and robust technique is based on the genetic algorithm (GA).
The GA has already been established and has been applied to many problems in diverse fields from biology to engineering [16, 17] . There have been some attempts to apply GAs to photonic structures to optimize the bandgap in 1D or 2D photonic crystals [12, 13] and the effective negative index [14] and permeability [15] of metamaterials.
Optical asymmetry is hard to realize by hand. Before the details are described, some notation is prepared here. Figure 1 (a) shows the optical configuration for a 1D plasmonic crystal slab (PlCS). Although a PlCS is often referred to as a metallic photonic crystal slab, the photonic eigenmodes stem from surface plasmon polaritons [18] ; therefore, here the metallic periodic structure is called a PlCS. Metallic rods (gray), which are infinitely long along the y axis, are put on the substrate and are arrayed periodically along the x axis. The unit cell corresponds to the area between the vertical dashed lines. When incident light falls on the PlCS with the incident angle , linear optical responses T n and R n are induced, where T n and R n denote the nth transmissive and reflective diffraction efficiencies, respectively. In particular, T 0 and R 0 are ordinary transmittance and reflectance, respectively.
Diffractions T n and R n ͑n 0͒ appear and disappear, depending on the incident photon energy and angles. To explore more general situations, let us focus on transmittance T 0 and reflectance R 0 ; the simplified notation of T ͑=T 0 ͒ and R ͑=R 0 ͒ are used from now on. In the two incident configurations of Figs. 1(b) and 1(c), note that for reflection there exists the general restriction, called reciprocity, such that R 0 ͑͒ = R 0 ͑−͒, which is independent of the structure in the unit cell and the incident photon energy [19] . Elementary proof of reciprocal relations was reported in [20] . The asymmetric optical response thus appears to concern transmittance in the present configuration.
Taking account of the reciprocal relation, a simple definition of the optical asymmetry parameter 0 is given by
where is the incident angle and 0°. The sign of is defined relative to the direction of the x axis. This parameter cannot distinguish transmissive PlCS of T͑͒ = 1 and T͑−͒ = 0.01 from reflective PlCS of T͑͒ =10 −3 and T͑−͒ =10 −5 . In both cases, Eq. (1) results in 0 = 0.98. To avoid such undesirable degeneracy, a modified asymmetric parameter is defined as the following:
͑2͒
The parameter in Eq. (2) discriminates transmissive PlCS from reflective PlCS and gives larger value to optically asymmetric and transmissive PlCS; is suitable for characterizing the optical asymmetry in transmission.
As is mentioned above, the optical asymmetry is not easily obtained by thinking of structurally asymmetric 1D PlCSs. The unit cell in Fig. 1(d) is structurally asymmetric; the periodicity is 500 nm, the height of each step is 40 nm, and the metal is set to be silver. The optical constant of silver was taken from the literature [21] . The substrate is assumed to be quartz, which has permittivity of 2.13. When incident light is p polarized (i.e., the electric vector E Ќ y), the computed transmittance at 1.3 eV is almost symmetric, as is shown in Fig. 1 (e) (solid blue curve), that is, Ϸ 0 at any of 0°Ͻ ഛ 40°. This example evidently shows that structural asymmetry does not always come with optical asymmetry. This is one of the reasons why we execute automatic search by use of a GA: it is most likely to reach intended and realistic designs by exploring diverse unit cells. Indeed, though many efforts have been devoted to relevant designs of diffraction gratings, there has been no report on optically asymmetric PlCSs concerning transmission.
In Fig. 1 (e), reflectance (dotted red curve) exhibits reciprocity. Total diffraction efficiency D, which is defined as D = ͚ n 0 ͑T n + R n ͒, is shown as the dashed-dotted green curve. In Fig. 1(e) , only two diffraction channels, T ±1 , are open at ͉͉ Ͼ 26°; hence, D = T 1 + T −1 . Absorption, which is defined as A ͑=1 − T − R − D͒ (dashed gray curve), is very small and close to zero, though the filling ratio of metal in the unit cell is 33%.
The computational solver to evaluate linear optical responses is based on the Fourier modal method [22] , which is improved in convergence [23] and combined with a scattering matrix algorithm [24] . In this paper the numerical fluctuation in evaluating optical responses was kept to less than 1% by use of a large number of Fourier harmonics.
In this paper, the aim is to find optically deep asymmetric 1D PlCSs by use of a GA. In particular, practical structures of PlCS are sought, avoiding the most asymmetric but impractical structures. Moreover, I extract clear physical pictures of the origin of deep optical asymmetry in 1D PlCSs. The scheme of the simple GA (SGA) is described in Section 2. The purely numerical results obtained by the SGA search are shown in Subsections 3.A-3.C. Based on the SGA results, more realistic structures that can be fabricated by contemporary nanofabrication techniques are examined in Subsection 3.D. The features of large-PlCSs are discussed in Section 4. Figure 2 provides an illustration of the SGA. A chromosome here corresponds to an unit cell of a 1D PlCS on an infinitely thick quartz substrate. In Fig. 2 , an unit cell is composed of 5 ϫ 3 grid elements. Each grid element is filled with silver or air, so that a unit cell has 2 15 possible combinations. The scheme for the SGA, comprising reproduction, pairing, crossover, and mutation, is as follows.
GENETIC ALGORITHM SEARCH
Let us consider the case that each generation has four populations as shown in Fig. 2 . When the Nth generation is given, every unit cell is evaluated by fitness. In the present case, the fitness is the asymmetric parameter in Eq. (2) . A 1D PlCS is constituted by the unit cell on the quartz substrate as shown in Fig. 3(a) . Linear optical responses of the PlCS are computed at a given photon energy and incident angles ( and −), and the fitness is evaluated by use of Eq. (2).
1. Reproduction. A set of unit cells is reproduced in proportion to its fitness. Unit cells that have larger tend to be generated more often. Unit cells of = 0 are terminated in the reproduction.
2. Pairing. After reproduction, random pairing of unit cells is made.
3. Crossover. Each pair exchanges a part (or parts) of the unit cell as shown in Fig. 2 . The cutting positions (orange vertical lines) are randomly determined for each pair. The way of cutting is in accordance with the building block hypothesis, which assumes that a block (or blocks) of the unit cell is responsible for the larger fitness [17] . Crossover is thus executed by exchanging a block from the unit cell and produces the next ͑N +1͒th generation.
4. Mutation. A part (or parts) of the unit cell is randomly chosen with a small probability (ϳ0.02, for example) and reversed; silver is replaced with air and vice versa.
Mutation plays a role when a generation comes to saturation, that is, when a generation is filled with the same unit cell. Then, any crossover obviously produces the same unit cell. In the present SGA search, the simple mutation, which reverses constituents in a randomly chosen block in the unit cell, tends to destroy the building block and to result in a decrease of . As shown in Section 3, we can obtain large-unit cells before mutation plays a role. Figure 3 shows a typical result of the SGA search. Each grid element has the dimension of 50 nmϫ 40 nm along the x and z axes, respectively. The incident photon energy was 1.65 eV. Incident angles were 30°and −30°. A SGA search was executed for 12 generations and 600 populations in each generation. Since here I intend to execute automatic search, the initial set of unit cells was chosen randomly. The average of fitness in each generation is shown with red open circles in Fig. 3(b) . The average The unit cell is located on an infinitely thick substrate and periodically arrayed along the x axis. The unit cell is infinitely long along the y axis. (b) Average (red open circles) and the maximum (blue closed circles) of at each generation, which has a population of 600. The photon energy was set to be 1.65 eV, and incident angles were ±30°. gradually increases in proportion to the generation and has a ten times larger value at the twelfth generation in comparison with the first generation. SGA thus works successfully to produce good unit cells. The maximum in each generation is plotted for the right axis with blue closed circles. The largest is obtained at the eighth generation and is reproduced later. Note that the unit cell of largest is realized through the SGA search. These results indicate that the SGA efficiently finds good unit cells for the present goal.
NUMERICAL RESULTS
A sequence of systematic trials to seek optically asymmetric 1D PlCSs is described in Subsections 3.A-3.C. The periodicity is set to be 500 nm, and the size of the grid element in the unit cell is defined as 50 nmϫ 50 nm. The unit cell is therefore divided into ten sections along the x axis. PlCSs of m layers have 10ϫ m grids in the unit cell.
The results for one, two, and three layers are described in 
A. Unit Cell of One Layer
The division along the z axis is one. The total grid elements in the unit cell are 10; possible combinations in the unit cell are 2 10 ͑=1024͒. With such a small number of combinations every case could be explored. However, the SGA search was executed with the conditions that the generations are 5 and the populations are 1200; the large population is intended to execute the search for every case. As a result, the maximum was found to be very small and was less than 0.01. Single-layer 1D PlCSs are thus far from optical asymmetry.
B. Unit Cell of Two Layers
In this case, the grid elements in the unit cell are 10ϫ 2, and the total possible combinations are 2 20 ͑Ϸ10 6 ͒. It is not practical to evaluate every combination. An SGA search was performed with the condition that the total generations are 12 and populations at each generation are 600. Figure 4 displays typical results of SGA searches, which were repeated by changing the initial set of unit cells. Figure 4(a) is the unit cell of an asymmetric PlCS of = 0.19. The optical spectra at 2.0 eV is shown in Fig.  4(b) . Transmittance (solid blue) exhibits the asymmetry connected to the asymmetry of diffraction efficiency (dashed-dotted green) and absorption (gray dashed). Optically asymmetric 1D PlCS are thus realized in most cases. Figure 4 (c) presents a PlCS of large = 0.56. Asymmetry in transmittance is clearly seen; the transmittance at −40°is 0.81, and that at 40°is 0.20. From Fig. 4(d) , the asymmetry is attributable mainly to the asymmetric absorption.
We note that the optical asymmetry in Fig. 4(c) is associated with large absorption. The filling ratio of metal in the unit cell is 30% in Fig. 4 (c) and less than that in the unit cell in Fig. 4(a) . Nevertheless, absorption is significantly large at ജ 40°in Fig. 4(c) . This result indicates that light absorption can be controlled by the unit cell structures. Also, in comparison with the one-layer results in Sec. 3.A, it is obvious that the PlCSs of two layers can have high optical asymmetry.
C. Unit Cell of Three Layers
The unit cell of three layers has 10ϫ 3 grids and can represent 2 30 ͑Ϸ10 9 ͒ combinations. It is actually impossible to evaluate the fitness in every case. An SGA search was done with the condition that total generations are 12 and the population in each generation is 600. Figure 5 shows PlCSs of large fitness and the corresponding optical spectra. Figure 5 (a) presents a PlCS of = 0.68; the metallic part is simply connected. The optical spectra are shown in Fig. 5(b) ; the notation is the same as in Fig. 1(e) . Reflectance (dotted red) and absorption (dashed gray) are quite suppressed. Transmittance (solid blue) and total diffraction efficiency (dashed-dotted green) are nearly symmetric for incident angles of Ͼ 20°. This is a typical representation of optical asymmetry, that is, the trade-off type of transmission and diffraction. Figure 5 (c) is a PlCS of = 0.76, which is very large fitness. The unit cell is quite complicated and consists of four separated metallic parts. Transmittance is deeply asymmetric; T = 0.81 at −40°and T = 0.01 at 40°. Optical spectra in Fig. 5(d) shows that this unit cell is optimized to realize T Ϸ 0 at 40°. The nearly zero transmittance is associated with the enhancement of diffraction and absorption. In addition, note that reflectance is well suppressed from 40°to 60°. Figure 5 (e) is a PlCS of = 0.53. The unit cell is not well optimized but exhibits a remarkable feature: transmittance at −40°is almost 100% and is significantly reduced at 40°, as shown in Fig. 5(f) . Besides, reflectance is well suppressed in a wide range of incident angles. Qualitatively, when the incident wave vector is parallel to the steplike array of metallic rods ͑ ϳ −45°͒, efficient transmittance is realized. On the other hand, when the incident wave vector is perpendicular to the steplike array ͑ ϳ 45°͒, absorption increases with reducing transmittance. Large fitness is thus obtained through the trade-off of transmission and absorption. This is another type of PlCS for realizing deep optical asymmetry, different from the type in Fig. 5(a) . As for the filling ratio of metal and the absorption, the unit cell of Figs. 5(a) contrasts with that of Fig. 5(e) ; the filling ratio is larger in the former, but light absorption is clearly large in the latter. This result strongly suggests that the structure in the unit cell is crucial for inducing large light absorption, and the ratio of metal is inessential. Figure 5 (g) displays a PlCS of large = 0.74, which can be regarded as a better unit cell than that in Fig. 5(e) . The contrast of T at 40°and −40°is quite high. Absorption is also modified and reaches about 70% at 40°. Figures 5(e) and 5(f) imply that the steplike structure is the building block to realize the optical asymmetry connected with large absorption.
From a purely numerical viewpoint, it would attract interest to explore the unit cells of ultimate large fitness = 1. To execute a further search, it is probably necessary to divide the present grid elements into finer subgrid elements, as was done in [12] . Such a method of optimization is not based on GA and is the usual way of finding the maximum. However, here I concentrate on designing simple and practical unit cells by exploiting the building block found in the SGA search, and I examine the PlCS of a four-layer unit cell in the next subsection.
D. Unit Cell of Four Layers
In Subsections 3.A-3.C, the results of SGA search have been described. The search is purely numerical and is not always intended to obtain practically feasible structures. In this subsection, we study optically deep asymmetric 1D PlCS of a four-layer unit cell that are simultaneously practical. Figure 6 (a) shows the unit cell designed by hand, based on the result by SGA search. The grid size is 50 nm ϫ 50 nm, and the area between vertical dashed lines consists of 10ϫ 4 grid elements. To ensure the feasibility of nanofabrication, all the metallic rods are supported by substrate and form simple unit cells. Indeed, 50 nm lines can be fabricated by contemporary nanofabrication techniques, and the depth control is also within reach. Double steplike structures in the area between the vertical dashed lines have two meanings: (i) the increase in absorption and (ii) the termination of diffraction at 2.0 eV by shorting the periodicity. Nearly perfect absorption is observed at −30°in Fig. 6(b) . Transmittance exhibits strong contrast at 40°and −40°. The fitness is 0.48 and remains a quite large value.
The origin of the nearly perfect absorption in Fig. 6 (b) is examined from the electromagnetic distributions in Figs. 6(c) and 6(d) . Under p polarization, the magnetic component H y is parallel to the metallic rods. As shown in optical spectra of (a) at 2.0 eV, dependent on incident angles. The notation of optical spectra is similar to Fig. 1(e) . Similarly, (c) unit cell of = 0.76, and (d) the optical spectra of (c). (e) unit cell of = 0.53, and (f) the optical spectra of (e). (g) unit cell of = 0.74, and (h) the optical spectra of (g). Fig. 6(c) , although the H y distribution is modulated in the 1D PlCS at the incident angle of 40°, incident light travels through the PlCS. On the other hand, the H y distribution is very different at −40°as shown in Fig. 6(d) . Plasmonic oscillations, which are usually called particle plasmons, are seen in each metallic rod (the rectangular areas inside the white lines); the properties of particle plasmons in metallic nanorods were studied in [25] . The large-area uncommon oscillations, which has the directions designated by the signs Ϯ in Fig. 6(d) , spread outside each metallic rod and are induced by collective oscillations of the particle plasmons that resides inside metallic nanorods. We call the new collective modes large plasmons. The large plasmons induce the large light absorption.
We again refer to the fact that the one-layer unit cell does not show large absorption, as noted in Subsection 3.A; this fact is consistent with the absence of the large plasmons in the one-layer PlCSs. The large plasmons cannot be induced by a single nanorod. The minimum requirement to induce the large plasmons is two-layer unit cell. Indeed, Figs. 4(c) and 4(d) show quite large absorption, which is the signature of large plasmons. Such a collective mode of particle plasmons has not been reported to our best knowledge. Figure 7 is a simple but clear example that shows that the large plasmons are very sensitive to the structure in the unit cell. 
DISCUSSION
In this section I discuss the features of the PlCS in Fig. 6 in comparison with the other light absorbers.
Total absorption by diffraction gratings is a rather wellknown phenomenon [26] . However, the total absorption has a very narrow linewidth; the width of A Ͼ 0.9 is less than 0.5°in incident angle. In contrast, absorption of over 90% takes place at the broad angles from −45°to − 5°in Fig. 6(b) .
Furthermore, the nearly perfect absorption by the PlCS in Fig. 6(a) has quite a wide range in energy; the absorption of A Ͼ 0.9 holds at 1.5-2.2 eV under the incident angle of −40°. The range is more than ten times wider than the energy range of A Ͼ 0.9 in mesoporous gold, which exhibits omnidirectional perfect absorption [27] . As a light absorber, the 1D PlCS in Fig. 6(a) thus has the advantage in the broadband features of both energy and incident angles.
The efficient absorption energy band of the PlCS in Fig.  6 (a) does not show any prominent peak, that is, any discrete energy level that is the signature of bonded states of particle plasmons in metallic nanorods [28] . Instead, it is suggested that the large plasmons form a new continuum that is subradiant.
The PlCS in Fig. 6 (a) has anisotropic subradiant plasmonic mode, that is, large plasmons, whereas the PlCS in Fig. 7(a) shows efficient radiation at all the incident angles. From the comparison of the two PlCSs, it is evident that the radiation from PlCSs to the outer far field can be controlled just by modifying the unit cell structures by a small amount. The PlCSs in Figs. 5(a) and 7(a) are highly radiant and imply the general tendency that the PlCSs with firmly connected metallic part(s) in the xz section of the unit cell are efficiently coupled with the far field. We also note that the PlCS in Fig. 1(d) is consistent with the general tendency; it is highly radiant and has little absorption, as is shown in Fig. 1(e) .
Light absorption due to metallic structures can enhance photocurrent when the metallic structures are coupled with semiconductors [29] . Thus, the perfect absorber based on the present SGA search would also be useful to enhance photocurrent and photovoltage as a constituent of a relevant device together with semiconductors.
CONCLUSIONS
Optically deep asymmetry has been numerically explored in 1D PlCSs with SGA. Unit cell structures of large fitness are not realized in one-layer 1D PlCSs and have been found in two-or three-layer 1D PlCSs. The large fitness, that is, the deep optical asymmetry, is obtained by two ways: one is connected to anisotropic diffraction efficiency, and the other is due to anisotropic large absorption. The building block of the latter has been employed to design a simple plasmonic absorber. It has been clarified that the large light absorption originates from large plasmons, which are collective oscillations of the particle plasmons that exist in each metallic nanorod. It has also been shown that the structures constituted by metallic nanorods are essential to induce the large plasmons. The present design based on the SGA search will be a representative of broadband light absorbers of 1D PlCS.
